Fibronectin (FN) purified by gelatin affinity chromatography is unstable and undergoes fragmentation. The cleavage has been ascribed to inherent autolytic protease activities as well as co-purified matrix metalloproteinases (MMP). Understanding the mechanism by which the proteolysis of FN occurs is important, because the FN fragments have biological activities that differ from those of intact FN. Having excluded contributions of other plasma-derived proteases, the present experiments demonstrated that cleavage of FN by MMP-2 to distinct fragments occurred in synergy with inherent FN activities. Limited heat treatment of FN at 56°C for 30 min inactivated the inherent protease activities sharply reducing autolysis of FN in a manner similar to that seen in the presence of serine proteinase inhibitors. Heat treatment did not alter cell attachment to FN, but significantly increased the susceptibility of FN to enzymatic cleavage by MMP-2. The carboxyl-terminal hemopexin-like domain (PEX) of MMP-2 was shown to possess critical exodomain properties required for the interactions of MMP-2 with FN, and FN was cleaved at a significantly reduced rate by an MMP-2 variant with deletion of PEX. Verifying the specificity of interactions, isolated PEX competed FN cleavage by MMP-2 in a concentration-dependent manner. These results have further elucidated the synergistic contributions of inherent autolytic serine protease-like activities and MMP-2 to fragmentation of FN and provide the rationale and basis for modified preparation and handling of FN used in biological research.
Introduction
Fibronectin (FN) is an essential extracellular cell adhesion molecule which was first identified as a plasma component with the ability to support cell adhesion (Klebe, 1974) . Cloning of the FN gene revealed a primary structure consisting of repeated homologous types I, II, and III modules and additional alternatively spliced modules resulting in the potential for multiple isoforms with unique functions (Kornblihtt et al., 1983; Skorstengaard et al., 1986; White et al., 2008) . A number of biological activities, including binding sites for fibrin, heparin, collagen, integrins, and several bacteria have been localized to distinct modules or domains composed of several modules (Hynes, 1985; Yamada, 1989) . By virtue of those functions, FN contributes to a range of biological processes, which include but are not limited to embryonic development, coagulation, and wound healing (Pankov and Yamada, 2002 ).
Significant efforts have been devoted to understanding mechanisms of FN cleavage because FN fragments have been detected in vivo in sites of chronic diseases from lung lavages (Castell et al., 1988) , periodontal disease (Talonpoika et al., 1989; Huynh et al., 2002; Stanley et al., 2008) , arthritis (Xie et al., 1992) , poorly healing diabetic ulcers (Wysocki and Grinnell, 1990; Stanley et al., 2008) and experimental mammary cancer in mice (Xu et al., 2005b) .
To define functional domains of FN, investigators applied various enzymes for analytical fragmentation of FN. By those experiments, several FN fragments with distinct biological functions were identified (For review see (Hynes, 1990) ). For example, a 30 kDa N-terminal fragment had greater chemotactic activity for monocytes than intact FN and also reduced monocyte attachment to fibrin (Carsons et al., 1985) . Surprisingly, cathepsin-generated FN fragments were shown to have proteolytic activities on collagen and FN Lambert Vidmar et al., 1991a,b) .
More recent studies have used protein engineering technologies to express FN segments with highly defined borders and extensions. Such recombinant FN fragments have enabled investigators to very precisely map unique functions to specific residues, modules, and domains within FN, exemplified by the heparin binding residues in module III-13 (Busby et al., 1995) , the collagen binding modules (Banyai et al., 1990; Steffensen et al., 2002; Katagiri et al., 2003) , apoptotic effects of the heparin binding region (Kapila et al., 1999) , and anti-angiogenic and anti-metastatic properties of the carboxylterminal fragment of the first type III module in FN (Anastellin) (Briknarova et al., 2003) .
The preponderance of available evidence indicates that members of the matrix metalloproteinase family (MMP) can cleave FN. MMP-2 purified from human rheumatoid synovial cells induced significant FN fragmentation (Okada et al., 1990) and recent proteomics screens analyzing MMP-2 proteolytic activities of fibroblasts identified FN as an important substrate for MMP-2 (Dean and Overall, 2007) . However, some investigators detected no cleavage when FN was incubated with MMP-2 (Kraft et al., 2001; Al Hazmi et al., 2007) and, in preliminary experiments, we found substantial variation in the efficiency of FN cleavage by recombinant MMP-2. These differences in the sensitivity of FN as a substrate for MMP-2 pointed to possible effects of catalytic activities inherent to FN (Lambert Vidmar et al., 1991b) or could derive from the activities of MMPs or other enzymes co-purified from plasma with FN (Johansson and Smedsrod, 1986; Pal et al., 2009) .
For cleavage of substrates, MMPs typically utilize exosites that bind and position substrates relative to the catalytic site (Overall, 2001; Xu et al., 2007) . Collagen binding occurs via the carboxylterminal domain in MMP-1 and MMP-3 (Murphy et al., 1992) , whereas a distinct collagen binding domain consisting of three intandem FN type II-like modules inserted into the catalytic domains of MMP-2 and -9 is essential for binding and cleavage of collagen and elastin in these MMPs (Banyai et al., 1994; Murphy et al., 1994; Steffensen et al., 1995; Shipley et al., 1996) . In context of FN cleavage, it was demonstrated that the carboxyl-terminal hemopexin-like domain of MMP-2 (PEX) is essential for binding of FN (Wallon and Overall, 1997) . However, it has not yet been established whether the PEX serves as an exosite that is required for cleavage of FN by MMP-2.
On this basis, the present studies investigated the mechanisms by which inherent proteolytic activities and co-purified MMP-2 contribute to the cleavage of FN. Our experiments demonstrated that the inherent protease activities were abrogated by limited heat treatment of FN or by serine protease inhibitors. Importantly, the analyses eliminated the possibility that these activities were from other contaminating plasma proteases. MMP-2 cleaved FN most efficiently in the presence of the inherent FN activities or following limited heat treatment pointing to exposure of MMP-2 susceptible cryptic cleavage sites. After heat inactivating inherent FN proteolytic activities, we demonstrated in a reproducible manner that the carboxylterminal hemopexin-like domain (PEX) exosite is essential for MMP-2 interaction with and cleavage of FN.
Results

FN degradation involves MMP-2 and autolytic activities
In our preliminary efforts to isolate intact FN from human plasma for studies of its proteolysis by MMP-2, it became evident that FN purified by standard affinity purification protocols with gelatinSepharose (Engvall and Roushlahti, 1977 ) underwent self-degradation (not shown). This was consistent with the observation that preparations of FN isolated by this approach contain matrix metalloproteinases MMP-2 and MMP-9 that both have gelatin-binding properties (Johansson and Smedsrod, 1986) . Our enzymographic analysis of fractions eluted from the gelatin-Sepharose column during purification of FN from human plasma revealed that some of the gelatinolytic activities were eliminated during 1 M NaCl washes designed to eliminate non-specifically binding proteins, but also that the final purified FN fractions contained both MMP-2 and MMP-9 (Fig. 1) . Of note, while these enzymatic activities are readily detectable by gelatin substrate enzymography they are not visible by regular SDS-PAGE and have not been reported widely.
To separate contributions of different proteolytic activities to the cleavage of FN, we tested the effects of the MMP inhibitor 1,10-phenanthroline and the broad-spectrum serine proteinase inhibitor 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF). Both of these enzyme inhibitors blocked the cleavage of FN compared to control samples for 48 h during incubation at 22°C pointing to proteolytic contributions of both co-purified gelatin-binding MMPs and serine protease-like activities ( Fig. 2A) . This result was verified with an additional MMP-specific inhibitor, BB94 (data not shown).
To further delineate the specific role of MMP-2 in FN cleavage, FN was subjected to size exclusion chromatography following the initial affinity purification by gelatin-Sepharose. This additional purification step reduced MMP-2 and -9 activities to below detectable levels as assessed by the highly sensitive gelatin zymography (Fig. 2B) .
The stability of the highly-purified, gelatinase-free FN samples was then monitored by SDS-PAGE over 48 h at 22°C in the presence or absence recombinant MMP-2 and AEBSF. Although MMP-2-free FN control samples displayed limited fragmentation over time, addition of exogenous MMP-2 substantially enhanced both the speed and extent of FN cleavage (Fig. 2C) . Importantly, MMP-2 had greater activity on FN after 36 and 48 h in absence than in the presence of AEBSF (Fig. 2C) . These experiments demonstrated that MMP-2 cleaved FN most efficiently in the presence of serine protease-like activities that may correspond to those reported to be inherent to FN (Lambert Vidmar et al., 1991b; Bonnefoy and Legrand, 2000) . Corroborating the presence of such autolytic FN activities, our analysis of the highly purified preparation of FN by GeLCMS (Lasonder et al., 2002) eliminated the presence of other plasma-derived contaminating proteases in the purified FN preparations.
We then tested the hypothesis that these FN activities expose otherwise cryptic and inaccessible cleavage sites for subsequent hydrolysis by MMP-2. This scenario is known from type I collagen; MMP-2 has low activity on this substrate in its native triple helical conformation, but efficiently hydrolyzes the separated collagen α-chains after heat denaturation or following initial cleavage by MMP-1 which causes unwinding of the collagen helix (Danielsen, 1982; Collier et al., 1988; Tam et al., 2004) .
Our experiments demonstrated that pre-treatment of FN at increasing temperatures elevated the susceptibility of FN to cleavage by MMP-2 (Fig. 3A) . Heating of FN at 56°C or greater for 30 min resulted in predictable and increasing FN cleavage by MMP-2 over Fig. 1 . MMP-2 and -9 activities co-purified with FN from human plasma by gelatinSepharose affinity chromatography. Residual gelatinolytic activities, including MMP-2 and -9, were monitored by gelatin substrate enzymography in column fractions during purification of fibronectin (FN). For analytical purification 500 μl of human plasma (B) was loaded on a gelatin-Sepharose (V t 25 μl) mini column after sedimentation of insoluble aggregates at 2500 ×g. After collection of unbound proteins (U), the column was thoroughly washed (20 × V t ) with chromatography buffer (W; 50 mM Tris, 0.15 M NaCl, pH 7.4) followed by 1 M NaCl (N; 1, 2) in chromatography buffer (10 × V t ) to remove non-specifically bound proteins. After equilibration (E), specifically bound proteins were eluted with 4 M urea (U; 1, 2). The enzymography analysis showed that plasma-derived MMP-2 and -9 (B) bound gelatin-Sepharose and were co-purified with FN. Positions of FN, MMP-2, MMP-9, and kDa of proteins (M r ) are indicated. 24 h. Contrary to preceding experiments (Fig. 2C) , no self degradation of FN was detectable for 48 h after heat treatment in the absence of MMP-2 (Fig. 3B ). This effect of heat-treatment on the stability of FN mimicked that of AEBSF, suggesting that heating inactivated the Fig. 1 ) was analyzed in the presence or absence of 0.5 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF) serine protease inhibitor and 1.5 mM 1,10 phenanthroline (1,10 Phe) MMP inhibitor. FN cleavage was monitored by 7.5% SDS-PAGE for 48 h at 22°C. FN demonstrated significant fragmentation in the absence of the inhibitors, whereas both inhibitors blocked hydrolysis. Panel B. To eliminate effects of co-purified MMP-2 and -9, urea-eluted FN from the gelatinSepharose affinity column was exchanged into 50 mM sodium-phosphate, 150 mM NaCl, pH 7.0 and further purified by gel filtration (HiLoad 16/60 Superdex 200). Eluted fractions in which no gelatinolytic activities were detected by gelatin-zymography (lanes 1, 2) were separated from those that contained MMP-2 and -9 (lanes 3-6), pooled, and used for subsequent analyses. Panel C. The capacity of exogenous recombinant MMP-2 to cleave FN was tested in preparations void of plasma-derived MMPs in the presence or absence of AEBSF over 48 h at 22°C. Analysis of reactions by 10% SDS-PAGE gels showed significantly greater cleavage of FN by MMP-2 in the absence of AEBSF pointing to synergic actions of MMP-2 and serine protease-like proteolytic activities. Positions of FN and masses (kDa) of protein markers (M r ) are indicated. Experiments tested the effects of heat treatment on the stability and susceptibility of FN to MMP-2 cleavage. Preparations of FN without detectable plasma MMP-2 or -9 were subjected to limited (30 min) heat treatment between 37 and 65°C, and then incubated in the presence or absence of exogenous recombinant MMP-2 for 24 h at 22°C. Analysis by SDS-PAGE showed substantial cleavage of FN samples treated at 56°C with increasing extent of hydrolysis after treatment at 60 and 65°C. Panel B. Control FN samples or samples treated for 30 min at 56°C were subsequently incubated at 22°C in the presence or absence of AEBSF. Analysis by SDS-PAGE detected only autolysis after 48 h in FN samples that were not heat-treated in the absence of AEBSF, whereas samples containing AEBSF were stable. There were no signs of autolysis of FN after heattreatment irrespective of the presence or absence of AEBSF implying that heattreatment inactivated inherent autolytic activities. Panel C. The functional integrity of heat-treated FN was analyzed in cell attachment assays. HT 1080 fibrosarcoma cells in serum-free medium were seeded in 96-microwell tissues culture plates coated with a concentration range of FN samples (70 to 0.01 nM) treated between 37 and 65°C or control FN. Cell attachment was quantified at 595 nm from re-dissolved crystal violet dye after staining of cells. Cell attachment was comparable to control for FN samples heated up to 56°C, but substantially reduced when FN was treated at 60 or 65°C. Positions of FN (FN) and recombinant MMP-2 (MMP2), and kDa of protein standards (M r ) are presented. inherent serine-protease activities. Thus, heating of FN reduced autolysis of FN and increased the susceptibility to MMP-2.
Importantly, assays measuring the biological activities of FN revealed that the cell attachment properties of FN were retained after heating for 30 min at 56°C reflecting functionally folded protein, but were substantially reduced after treatment at or above 60°C indicating that the molecular structure of FN had been destabilized (Fig. 3C) . Therefore, subsequent experiments measuring the MMP-2 proteolytic activities on FN used FN treated at 56°C.
Interaction of PEX domain of MMP-2 with fibronectin
Isolated recombinant hemopexin-like carboxyl-terminal domain of MMP-2 (PEX) binds FN in solid phase assays and by analytical affinity chromatography (Wallon and Overall, 1997) . To extend this observation and understand whether exodomain functions of PEX are required for FN cleavage by MMP-2, our experiments first characterized the interactions of native FN with isolated PEX and PEX in the context of the full length MMP-2.
Specifically, we analyzed the interactions of FN with recombinant variants of MMP-2, including full-length MMP-2, a variant of MMP-2 in which the PEX domain was deleted (MMP-2ΔPEX), and isolated recombinant PEX from MMP-2. These protein-protein binding experiments utilized the active site-mutated MMP-2 E404A , which retains ligand binding properties, but is proteolytically inactive (Morgunova et al., 1999 
Contributions of PEX to cleavage of FN by MMP-2
Having established an assay system for analyzing MMP-2 catalytic effects on FN without interference from autolytic FN activities as detailed above, we characterized the contributions of PEX to cleavage of FN by MMP-2. The experiments first compared proteolysis of FN by full-length MMP-2 or MMP-2ΔPEX. In the presence of MMP-2, 50% of the intact FN was reduced to short or non-detectable fragments after 5 h at 22°C. The degradation increased to 78% after 12 h as assessed by densitometric analysis of SDS-PAGE gels (Fig. 5A, B) . In comparison, the quantity of intact FN was reduced by only 7% after 5 h and 40% after 12 h in the presence of MMP-2ΔPEX (Fig. 5A, B) . Moreover, the velocity of FN cleavage was significantly greater for MMP-2 (2.56 RDU × s ) and FN without MMP-2 (0.05 RDU × s -1 ) (Fig. 5B) . These results were consistent with the observations from the preceding experiments that implicated PEX as the essential FN-binding exodomain on MMP-2, and showed that FN cleavage is significantly reduced in the absence of the PEX from MMP-2.
To confirm the contributions of PEX to the cleavage of FN, subsequent assays used a FN substrate that was labeled with FITC at high density to achieve self-quenching. Kinetic measurements of released fluorophore reflecting proteolysis of FN by MMP-2 enabled us to quantify the competitive effects of a concentration range of PEX on MMP-2 activities on FN. PEX inhibited MMP-2 cleavage of FN in a concentration dependent manner (Fig. 5C ) with half-maximal inhibition at a PEX:MMP-2 molar ratio of 1.7:1.
Overall, the present protein binding and enzyme activity experiments have established that cleavage of FN by MMP-2 occurs in concert with autolytic activities that expose MMP-2 sensitive cleavage sites on FN. Serine protease inhibitors and limited heat treatment abolished the self-degradation of FN and increased the sensitivity of FN to cleavage by MMP-2 without disrupting the cell attachment properties. Protein-protein binding studies and competition assays demonstrated that the carboxyl-terminal PEX domain of MMP-2 is an important exosite for MMP-2 interactions with and cleavage of FN.
Discussion
In our initial efforts to decipher the mechanism of FN cleavage by MMP-2, experiments yielded significant variability with respect to both the stability of purified FN and the efficiency of FN cleavage by MMP-2. Subsequent experiments designed to optimize the experimental conditions demonstrated that inherent proteolytic activities of FN acted in synergy with MMP-2 activities during fragmentation of the molecule.
Earlier analyses of a range of enzymes, including trypsin, chymotrypsin, plasmin, and cathepsin D showed that these enzymes can cleave FN and generate fragments pending the enzyme-specific cleavage sites that typically are located in the connecting intermodular segments (Hynes, 1990; Pankov and Yamada, 2002) . Of particular interest to the present study, investigators have reported proteolytic activities inherent to FN or FN fragments, including activities that could degrade FN itself (termed fibronectinase) (Lambert Vidmar et al., 1991b) , gelatin, laminin, and type IV collagen Emod et al., 1990; Lambert Vidmar et al., 1991a,b; Unger and Tschesche, 1999; Schnepel and Tschesche, 2000) . Further, serine proteinase inhibitors, including phenylmethylsulfonyl fluoride (PMSF), blocked the fibronectinase activity . The capacity of MMP-2 to cleave FN was established by in vitro assays (Okada et al., 1990; Lee and Lo, 2004) and confirmed in recent proteomics screens for MMP-2 substrates (Dean and Overall, 2007 ). An interesting observation from our experiments was that samples of FN isolated from human plasma showed fragmentation over time, even when the purification scheme combined the established gelatinSepharose affinity chromatography protocol (Engvall and Roushlahti, 1977) with gel filtration to eliminate any co-purified, gelatin-binding MMP-2 and -9. Our analyses of fractions during purification of FN by the highly sensitive GeLCMS confirmed that gel filtration eliminated MMP-2 and -9 and no other plasma-derived contaminating proteases were detected. These observations enabled us to conclude that the non-MMP-induced FN-degradation, which was inhibited by serine proteinase inhibitors PMSF and AEBSF, was caused by autolytic FN activities.
Experiments in which we then added exogenous recombinant MMP-2 to MMP-free FN preparations confirmed that MMP-2 cleaves FN (Okada et al., 1990; Lee and Lo, 2004) . The hydrolysis of FN by MMP-2 proceeded significantly faster in the absence than in the presence of AEBSF, and control samples containing AEBSF but no exogenous MMP-2 displayed very limited self degradation. These new results indicate that the autolytic activities expose FN sites that are sensitive to MMP-2 cleavage. Therefore, eliminating MMPs from FN preparations may in itself extend the shelf-life, but does not completely prevent FN fragmentation in the absence of proteinase inhibitors (Pal et al., 2009) .
To understand whether the initial autolytic cleavage of FN might emulate conformational disruption, we heat-treated FN over a range of temperatures from 37 to 65°C prior to analytical cleavage by MMP-2. Heating of FN at 56°C for 30 min eliminated autolysis but did not abrogate the important cell attachment properties (Klebe, 1974) . Moreover, heat treatment significantly enhanced the susceptibility of FN to hydrolysis by MMP-2. Of importance, the increased sensitivity to MMP-2 occurred prior to the maximal thermal denaturation which occurs with a midpoint between 62 and 64°C (Ingham et al., 1984) below the point at which heating induces FN fragmentation at 70°C (Miekka, 1983) . That heating of FN to 56°C enhanced the resistance to autolysis in a manner similar to that resulting from addition of AEBSF indicates that both treatments inactivate inherent proteolytic activities. Therefore, following purification, the integrity of FN may be best retained in the presence of an inhibitor of serine protease activities even when chromatography protocols are used which eliminate MMPs from the preparation.
Our understanding of the precise mechanism underlying the inherent catalytic activities of FN is developing. Recent studies have added support for the notion of distinct catalytic activities and catalytic sites in FN. First, an active type IV collagenase of the segment of FN, which is defined by modules I6-I9 and includes the two type II modules in the collagen binding region, was expressed as recombinant protein (Schnepel and Tschesche, 2000) . Recently, zinc-binding properties in the N-terminal part of FN were found to be important for collagen binding (Graille et al., 2010) . Moreover, there is a putative catalytic site HEXXH in module I8, which is homologous with the zincbinding consensus sequence in the active site in members of the metzincin superfamily of enzymes. A recombinant protein consisting of a 77 kDa N-terminal segment of FN and including 10 residues of module III1 had catalytic activities that were inhibited with inhibitors of zinc-dependent metalloproteinases and by mutations in the HEXXH sequence that reduced zinc-binding (Houard et al., 2005) . Thus, evidence for distinct structural elements and functions of an FNprotease is increasingly convincing. Important functional roles have been attributed to exosites in the MMPs (Overall et al., 2000; Overall and Lopez-Otin, 2002) exemplified by the requirement for the collagen binding domain in MMP-2 and -9, and the carboxyl-terminal domain (PEX) in MMP-1 and -3, respectively, to achieve collagen binding and cleavage (Murphy et al., 1994; Steffensen et al., 1995; Xu et al., 2004) . In MMP-2, PEX has several key functional properties, including TIMP-2 binding by latent MMP-2 during its activation by MT1-MMP (Strongin et al., 1993 (Strongin et al., , 1995 . However, in spite of the numerous critical biological properties of FN, no exosites in MMP-2 have previously been defined for cleavage of FN.
Extending the observation that PEX in MMP-2 interacts specifically with FN (Wallon and Overall, 1997) , we tested whether PEX was required for FN cleavage by MMP-2. Our protein-protein binding experiments determined that full-length MMP-2 bound to FN in a specific and concentration dependent manner, whereas MMP-2 without the PEX domain (MMP-2ΔPEX ) had greatly reduced and non-saturable binding to FN. The PEX-FN binding occurs by charge based interactions that require 0.3 M NaCl for disruption pointing to a biologically pertinent interaction (Wallon and Overall, 1997) . Our experiments showed that binding of full-length MMP-2 to FN exceeded that of isolated PEX, reflected by apparent K d s of 2×10 -8 and 10
respectively. This is consistent with reduced K d s measured for substrate interactions with other isolated recombinant modules and domains of MMP-2 and MMP-9 (Xu et al., 2005a) . Likewise, studies of collagen binding domains in FN showed that the two type II modules in FN require at least the flanking type I6 and I7 modules to achieve collagen binding (Steffensen et al., 2002) and that even greater affinity may be achieved by integrating the flanking modules I8 and I9 in the construct (Katagiri et al., 2003) . To further verify the contribution of PEX to binding of MMP-2 to FN and eliminate the possibility that the loss of binding for MMP-2ΔPEX resulted from structural perturbations due to the deletion of the 26 kDa PEX, we confirmed that soluble PEX competed interactions of MMP-2 with FN in competitive protein-protein binding assays. Of note, all binding experiments utilized MMP-2 in which a mutation of the active site E to A resulted in a catalytically inactive enzyme without affecting exosite functions. PEX was also essential for MMP-2 catalytic activities on FN. Our enzyme activity assays demonstrated that deletion of PEX from MMP-2 produced an enzyme variant with very low activity on FN. The rate of cleavage was reduced by nearly 8-fold. Moreover, soluble PEX inhibited cleavage of FN by MMP-2 in a concentration dependent manner.
Overall, the initial methodological experiments demonstrated that MMP-2 cleavage of FN occurs in synergy with inherent autolytic activities of FN that are blocked by inhibitors of serine protease inhibitors or inactivated by limited heat treatment at 56°C. Heat treatment also increased the susceptibility of FN to MMP-2 cleavage without causing FN fragmentation or disrupting the biological activities of FN reflected by unaltered cell attachment properties. The present protein binding and enzymatic assays have now for the first time established that the carboxyl-terminal domain of MMP-2 (PEX) is the key exosite for interactions of MMP-2 with FN and for cleavage of FN by MMP-2.
Experimental procedures
4.1. Purification of fibronectin FN was purified from human plasma by gelatin-Sepharose affinity chromatography according to the established procedures (Engvall and Roushlahti, 1977) . Briefly, particulate matter was sedimented by centrifugation of the plasma at 2500 × g for 20 min, which was then diluted 3-fold in chromatography buffer (50 mM Tris, 0.15 M NaCl, pH 7.4) and loaded on a gelatin-Sepharose affinity column. After extensive washes, non-specifically-bound proteins were removed with buffer containing 1 M NaCl, and bound FN was eluted with 4 M urea in chromatography buffer. To separate FN from the gelatinbinding MMP-2 and MMP-9, samples concentrated to~3 mg/ml were further purified by gel filtration using a HiLoad 16/60 Superdex 200 prep grade column (Amersham-Pharmacia, Piscataway, NJ) with 50 mM Tris, 150 mM NaCl, pH 7.4 as chromatography buffer. Fractions were analyzed for purity by SDS-PAGE, and the identity of the final product was verified by Western blotting using anti-FN antibodies. Elimination of MMP-2 and -9 and other gelatinolytic activities was verified by gelatin enzymography (Overall and Limeback, 1988; Steffensen et al., 1995) . Purified FN was quantified by the BCA assay (Pierce, Rockford, IL), frozen slowly, and stored at -80°C.
Detection of contaminating plasma proteases
Enzymography
The presence of gelatinolytic activities in FN fractions was monitored during the purification by enzymography using 10% SDS-PAGE minislab gels co-polymerized with 150 μg/ml type I gelatin (BioRad, Hercules, CA). At each step of the purification process, representative samples were separated under non-reducing conditions. Gels were incubated, processed, and analyzed for residual gelatinolytic activities as detailed previously (Overall and Limeback, 1988; Steffensen et al., 1995) .
Gel liquid chromatography mass spectrometry
The presence of other contaminating plasma-derived proteases was analyzed by gel liquid chromatography mass spectrometry (GeLCMS) (Lasonder et al., 2002) at the UTHSCSA Institutional Mass Spectrometry core facility. Protein samples were collected following gelatin-Sepharose affinity chromatography and after subsequent gel filtration (see above). After separation by SDS-PAGE, the protein containing regions of the gels were cut into small pieces (1-2 mm each) and digested with trypsin (modified; Promega, Madison, WI). Digests were analyzed by capillary high pressure liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS) using an LTQ linear ion trap mass spectrometer (Thermo Fisher, Milford, MA) . Survey scans were acquired followed by data dependent collision-induced dissociation (CID) spectra of the seven most intense ions. Uninterpreted CID spectra were searched against databases by means of Mascot (Matrix Science, Boston, MA) and results were cross correlated using X! Tandem. Protein probabilities were determined by Scaffold (Proteome software, Portland, OR) and relative abundances of identified proteins were assessed through spectrum counting (Zybailov et al., 2005) .
Expression and purification of recombinant proteins
Recombinant MMP-2 and MMP-2 E404A proteins were expressed and purified as described previously (Steffensen et al., 1995; Xu et al., 2004 Xu et al., , 2005a . The gene sequence encoding PEX from MMP-2 was amplified by PCR from our previously reported MMP-2 construct (Xu et al., 2004) with primers adding NheI and Hind III sites for directional ligation into the expression vector pGYMX (Steffensen et al., 1995) , which introduces an N-terminal His6 tag (forward primer, 5′-ctagctagcGGGGCCTCTCCTGA-CATTG-3′; reverse primer, 5′-gggaagcttTCAGCAGCCTAGCCAGTCG-3′, lower case letters indicate restriction sites). To construct MMP-2 with deleted PEX domain (MMP-2ΔPEX), the coding gene sequence was amplified by PCR from our previously MMP-2 construct (Xu et al., 2004) (forward primer, 5′-ccgctcgaGTACAACTTCTTCCCTCGCAAG-3′; reverse primer, 5′-cggaattcTCACCCATAGAGCTCCTGAATGC-3′). Primers added XhoI and EcoRI restriction sites and a stop codon) allowing for ligation into the pRSETA expression vector (Invitrogen, San Diego, CA, U.S.A.), which expresses proteins with a His6 tag. To construct the expression vector for MMP-2ΔPEX
E404A
, which has intact ligand-binding properties but is catalytically inactive (Morgunova et al., 1999) , the active site Glu of MMP-2ΔPEX was mutated to an alanine by overlap-extension PCR as previously described for generating MMP-2 E404A (Xu et al., 2005a) . All new expression constructs and mutations were verified by doublestranded DNA sequencing. The recombinant proteins were expressed in E. coli Le392 or E. coli BL21(DE3) as inclusion bodies that required denaturation with 8 M urea, 50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0. The first round of purification of denatured recombinant proteins was by nickel affinity chromatography (Amersham Pharmacia Biotech, Piscataway, NJ) under denaturing conditions. After extensive washes with 8 M urea, 50 mM Na 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0, to remove non-specifically bound bacterial proteins, the recombinant protein was eluted with 150 mM imidazole in the same chromatography buffer. Proteins were refolded by dialysis against 0.5 mM reduced L-glutathione/0.5 mM oxidized L-glutathione in 50 mM NaH 2 PO 4 , pH 8.0, and then exchanged into 50 mM NaH 2 PO 4 , 300 mM NaCl, pH 8.0, or PBS pH 7.4. The refolded recombinant proteins were further purified by a second round of nickel affinity chromatography under native conditions in chromatography buffer without urea, and with elution at 60-80 mM imidazole. After final dialysis with 50 mM Tris-HCl, pH 7.4, all proteins were flash frozen in liquid nitrogen and stored at -80°C until activity assays.
Heat treatment of fibronectin
To test the effects of heat treatment on the stability and susceptibility to cleavage by MMP-2, aliquots of purified FN at a concentration of 600 μg/ml in 50 mM Tris, 150 mM NaCl, pH 7.4, were incubated at 37, 42, 47, 56, 60, or 65°C for 30 min. After heating, FN samples were kept on ice until further analyses.
Cell attachment to heat-treated fibronectin
We used human fibrosarcoma cell line HT1080 to test cell attachment on heat-treated FN. HT1080 cells were maintained in DMEM (Sigma St. Louis, MO) supplemented with 10% newborn calf serum (NCS), 100 units/ml penicillin, and 100 μg/ml streptomycin. The experiments were carried out as previously described (Stanley et al., 2008) {Stanley, 2008 5763 /id}. Briefly, 96-microwell plates were coated with a concentration range of heat-treated FN (25 to 0.025 μg/ ml and 0 μg/ml) in 50 μl PBS for 18 h at 4°C. A total of 4 × 10 4 cells were added in serum-free DMEM media and incubated for 90 min at 37°C. Attached cells were fixed with 4% formaldehyde in PBS and stained with 0.1% crystal violet in 200 mM boric acid, pH 6.0, after which cell-bound stain was dissolved with 10% acetic acid and quantified at 595 nm in an Opsys MR microplate reader (Dynex Technologies, Chantilly, VA). Cell attachment to non-coated wells served to adjust for non-specific attachment. Experiments were performed in duplicate.
Interactions of the PEX domain of MMP-2 with fibronectin
Interactions of FN with MMP-2 were tested by plate binding assays. Recombinant MMP-2 E404A , PEX, and MMP-2ΔPEX E404A were biotinylated as described previously (Xu et al., 2005a) . FN was coated in 96-well plates at 0.5 μg/well in 0.1 M NaHCO 3 /Na 2 CO 3 , pH 9.6, at 4°C overnight, followed by incubation with 10 mg/ml BSA for 1 h at 22°C to block non-specific binding sites. Competition with non-labeled MMP-2 E404A served as positive control and ovalbumin served as negative control. All experiments were performed in duplicate and repeated at least twice.
Measurements of FN cleavage
4.7.1. FN cleavage by recombinant MMP-2 and MMP-2ΔPEX by SDS-PAGE Heat-treated or control samples of purified FN diluted to 100 μg/ml in collagenase assay buffer (50 mM Tris-HCl, 200 mM NaCl, 5 mM CaCl 2 , 1 μM ZnCl 2 , 0.05% Brij35, pH 7.0) were incubated with recombinant MMP-2 or MMP-2ΔPEX at 0.75 nM for 0-48 h at 22°C without protease inhibitors or in the presence of 0.5 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF) serine protease inhibitor or 1.5 mM 1,10-phenanthroline MMP inhibitor. Aliquots were collected at designated time points (see results), immediately mixed with 4 × SDS-PAGE sample loading buffer (2 M urea, 2% SDS, 10 mg/ml DTT in 0.125 M Tris-HCl, pH 6.8) to stop the cleavage, and stored at -20°C until use. The cleavage of FN by MMP-2 and MMP-2ΔPEX were analyzed by 10% SDS-PAGE. Coomassie Brilliant Blue R-250 stained gels were digitized and the intensity of the protein band corresponding to full-length intact FN was quantified by the Kodak 1D Image Analysis Software (Rochester, NY).
Contribution of MMP-2 PEX to FN cleavage by fluorescence assays
In competitive enzyme activity assays, rMMP-2 enzymatic activities on FITC-labeled FN substrate were analyzed in the presence of a concentration range of PEX. FN substrate was heavily labeled with FITC at 22°C for 1 h following which remaining reactive sites were blocked with glycine at 4°C for 2 h. Unbound FITC was removed by gel filtration with Sephadex G-10 (Sigma, St. Louis, MO) monitoring the protein concentration at 280 nm and FITC with λ ex at 495 nm and λ em at 515 nm. FITC-labeled FN (4 μg/well) and recombinant MMP-2 (0.15 μM) were added to enzyme assay buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl 2 , pH 7.6) either alone or simultaneously with a concentration range of 1.5 to 0.05 μM and 0 μM of PEX. Substrate cleavage represented by fluorescent signal was monitored at 22°C with λ ex at 495 nm and λ em at 515 nm with a SpectraMAX Gemini XS plate reader (Molecular Devices, Sunnyvale, CA). The enzyme activity was expressed in RFU and presented as means of duplicate measurements from at least two separate experiments.
